The sodium-calcium exchanger 1 (NCX1) is predominantly expressed in the heart and is implicated in controlling automaticity in isolated sinoatrial node (SAN) pacemaker cells, but the potential role of NCX1 in determining heart rate in vivo is unknown.
I ncreases in heart rate are a fundamental physiological fight or flight response to enable enhanced cardiac output under stress conditions. However, the mechanisms of sinoatrial node (SAN) rate increase by β-adrenergic receptor (β-AR) stimulation are not completely known and remain controversial. In SAN cells, the pacemaker current (I f ) is a catecholamineresponsive inward current. It is generally accepted that I f plays an important role in pacemaking at rest. [1] [2] [3] [4] [5] [6] However, its role in increasing heart rate by stress or β-AR stimulation is still unsettled. Some studies showed that I f is essential for heart rate acceleration, 2,3,7 but others did not support this concept. 4, 6 The sodium-calcium exchanger 1 (NCX1) also supports an inward current (I NCX ) that may be directly or indirectly augmented by isoproterenol. 8 Because of the lack of specific I NCX inhibitors, the potential role of I NCX in the basic pacemaking activity and in supporting fight or flight increases in heart rate is a matter of debate, 9, 10 and the effect of NCX1 ablation in adult animals on SAN automaticity is untested. Such tests are necessary to establish or refute the role of I NCX in pacemaker physiology.
Here, we used mouse models of conditional global myocardial Ncx1 deletion (Ncx1 −/− ) and SAN-targeted January 18, 2013 Ncx1 −/− by gene painting 11 to test the role of I NCX as a determinant of heart rate. Our results showed that I NCX made a significant contribution to isoproterenol-stimulated increases in heart rate. SAN cells from Ncx1 −/− mice have enhanced rate-slowing with ivabradine, a clinical I f antagonist, 12 after pretreatment with isoproterenol, suggesting that I f and I NCX are interdependent mechanisms for supporting fight or flight heart rate increases. In contrast, Ncx1 −/− did not affect resting heart rates in vivo, in isolated Langendorff-perfused hearts, or in isolated SAN cells in the absence of isoproterenol stimulation, indicating that I NCX is dispensable or that a small fraction of physiological I NCX is sufficient for maintaining resting heart rate. These findings provide new insight into mechanisms of cardiac pacing by showing that I f and I NCX are complementary but not redundant, and they establish a concept that basal heart rate is determined primarily by I f , whereas I NCX is required to increase heart rates in response to stress.
Methods
Details are included in the Online Data Supplement. Conditional Ncx1 knockout (Ncx1 −/− ) was achieved by using the Cre/loxP system or SAN gene painting with an adenovirus encoding Cre-recombinase. SAN pacemaking activities were recorded in vivo, ex vivo, and in single cells. Voltage and current clamp techniques were used in the perforated or conventional whole-cell configuration to record membrane currents or action potentials (APs) from isolated single SAN cells at 36°C. The data are presented as means±SEM. P<0.05 was considered statistically significant.
Results

Cardiac-Specific Ncx1 Knockout Adult Mice
We performed polymerase chain reaction 5 days after tamoxifen treatment to verify the cardiac-specific Ncx1 deletion in the double transgenic mice (Cre + /Ncx1 fx/fx ). The genotype of tail samples remained unchanged before and after tamoxifen treatment, whereas the Ncx1 polymerase chain reaction product from the SAN was smaller, indicating the expected exon 11 deletion ( Figure 1A ). NCX1 protein in SAN tissue was significantly (P=0.0008) reduced by 82% compared with control mice ( Figure 1B ). Single SAN cells were isolated and NCX current (I NCX ) was recorded. We found that I NCX in Cre + /Ncx1 fx/fx mice was nearly eliminated after tamoxifen treatment compared with control mice ( Figure 1C-1E ).
In contrast to previous Ncx1 knockout models in which Ncx1 deletion was constitutive and caused embryonic death, 13 our conditional Ncx1 −/− mice appeared normal based on echocardiographic assessment (Online Figure I) . Thus, these new mice with myocardial-specific Ncx1 deletion represented a new physiological model for measuring the contribution of I NCX to heart rate.
Normal Resting Rates but Blunted Isoproterenol Responses in Ncxl −/− Mice
To examine the functional role of NCX1 in SAN automaticity, we measured the pacemaking activity of control and Ncx1 −/− mice in vivo, ex vivo, and in isolated SAN cells. At baseline, Ncx1 −/− did not affect the pacemaking activity or heart rate ( Figure 1F ). We used a validated mathematical model 14 to simulate the spontaneous AP in SAN cells. Interestingly, the modeling also confirmed our data from the single SAN cells by showing preserved basal rates after loss of 80% of I NCX (Online Figure II ). Although the basal heart rates did not significantly differ between control and Ncx1 −/− mice, the heart rate increases in response to isoproterenol in Ncx1 −/− mice were significantly blunted compared with control mice (Figure 2 ). The results were found in telemetry-implanted mice (Figure 2A and 2B), Langendorff-perfused hearts ( Figure 2C and 2D), and isolated single SAN cells ( Figure 2E and 2F). In the Langendorffperfused hearts, the PR interval, QRS duration, and QT intervals did not show significant differences between control and Ncx1 −/− mice, whereas the RR intervals were slightly, but significantly, longer in the Ncx1 −/− mice (Online Figure III) . These data suggested that Ncx1 deletion did not grossly affect electric conduction within the heart. In single SAN cells the maximum diastolic potential of AP, AP overshoot, and AP duration at 50% (APD 50 ) or 90% repolarization (APD 90 ) did not differ between the control and Ncx1 −/− mice (Online Figure  IV) . Interestingly, the SAN cells isolated from Ncx1 −/− mice exhibited normal Ca 2+ signals, including Ca 2+ transient amplitude, time to peak, and decay rate at baseline and after isoproterenol (Online Figure V) . Our results are consistent with the findings reported in other Ncx1 −/− models. 13, 15 Furthermore, in line with our earlier results ( Figure 2 ), Ncx1 −/− SAN cells showed a similar basal pacemaking activity, but an impaired rate response to isoproterenol compared with the control cells. Taken together, these results suggested that Ncx1 deletion did not significantly affect basal SAN spontaneous activity, but blunted normal SAN responses to β-AR stimulation.
SAN-Targeted Ncx1 Deletion Reduced Heart Rate Responses to Isoproterenol
In our model, tamoxifen-induced Ncx1 deletion is throughout the myocardium, so we considered the possibility that Ncx1 Figure 2 . The heart rate response to isoproterenol was significantly blunted in Ncx1 −/− mice. A, Heart rates before and after isoproterenol (ISO, 2 µg/kg body weight) injection in control and Ncx1 −/− mice with ECG telemetry recording. The arrow and abrupt heart rate increases indicate isoproterenol injection, B, Heart rates (averaged over 10 minutes) before and after isoproterenol injection in control (n=6 mice) and Ncx1 −/− mice (n=6 mice). **P<0.01 vs baseline in control mice; #P<0.05 vs isoproterenol in Ncx1 −/− mice. C, Representative ECG traces from Langendorff-perfused hearts. D, Summary data from Langendorff-perfused hearts. *P<0.05 vs control (n=6 for control and n=6 for Ncx1 −/− hearts). E, Representative sinoatrial node (SAN) cell action potential traces. F, Summary data for SAN cell automaticity increases with isoproterenol. *P<0.05 vs control (n=12 cells from 6 mice for control and n=9 cells from 5 mice for Ncx1 −/− ). January 18, 2013 deletion outside the SAN could have unanticipated effects on heart rate. To achieve SAN-targeted Ncx1 deletion, we painted the SAN in the Ncx1 fx/fx mice with Cre recombinase-expressing adenovirus. HCN4-stained cryosections demonstrated that Cre recombinase was expressed in the nucleus of SAN tissue ( Figure 3A ). 16 The ECGs were recorded from Langendorffperfused hearts 6 to 9 days after SAN gene painting. We found that the isoproterenol-stimulated heart rate increases were significantly blunted in mice painted with Cre recombinaseexpressing adenovirus compared with the mice painted with control virus ( Figure 3B ). These results are consistent with our findings in global myocardial Ncx1 −/− mice and suggest that reducing Ncx1 expression in SAN is sufficient to prevent normal heart rate increases to isoproterenol.
Ncx1 Knockout Eliminated the SAN Response to BayK
We recently showed that BayK 8644 (BayK), a selective dihydropyridine L-type Ca 2+ channel activator, increased SAN automaticity independently of β-AR stimulation by isoproterenol or I f by enhancing the Ca 2+ clock/I NCX pathway. 17 Therefore, we tested whether BayK could increase the pacemaking activity of SAN cells. The effects of Ncx1 deletion were striking. BayK failed to significantly increase SAN cell automaticity after Ncx1 deletion (Figure 4 ), although BayK similarly increased I Ca.L in the control and Ncx1 −/− SAN cells (Online Figure VI) . These results suggest that engaging the Ca 2+ clock by increasing I Ca.L requires I NCX .
Augmented Responses to I f Inhibition in Ncx1 −/− Mice Taken together, the findings that Ncx1 −/− mice had normal resting heart rates but lacked I f -independent increases in SAN cell automaticity by BayK suggested that Ncx1 −/− mice might preferentially rely on I f for isoproterenol-dependent heart rate increases. To explore this concept, we next tested the effects of ivabradine, an I f antagonist used clinically, 12 on basal SAN pacemaking activities in control and Ncx1 −/− mice. We found that ivabradine decreased SAN cell automaticity in the absence of isoproterenol stimulation with similar efficacy in control and Ncx1 −/− mice ( Figure 5A-5C ), suggesting that loss of Ncx1 does not enhance SAN susceptibility to the rateslowing effects of I f inhibition under basal conditions. However, isoproterenol-stimulated Ncx1 −/− SAN cells were significantly more sensitive to ivabradine than control SAN cells ( Figure  5D -5F), suggesting that I f plays an augmented role in isoproterenol-induced rate increases after Ncx1 deletion.
Ivabradine at high concentrations almost completely eliminated basal pacemaking. We speculated that its off-target effects may contribute to the loss of the basal SAN automaticity, so we examined ivabradine actions at some ionic currents known to contribute to pacemaking. 10 We found that ivabradine at 30 µmol/L did not significantly affect Na + current (Online Figure VII) or I Ca.L (Online Figure VIII) . In contrast, ivabradine dramatically inhibited the rapidly activating delayed rectifier K + currents (I Kr ) with IC 50 of 1.6±1.0 μmol/L for control and 2.0±1.3 µmol/L for Ncx1 −/− cells (Online Figure IX) .
Lack of Effect of Ncx1 Deletion on I f or I Ca.L in SAN Cells
Both I f and I Ca.L are known to participate in SAN pacemaking. 10 We next considered the possibility that the I Ca.L and I f currents could have increased to compensate for the inactivation of I NCX in Ncx1 −/− mice and thus sustain basal SAN automaticity. We measured I Ca.L and I f in SAN cells isolated from control and Ncx1 −/− mice. Neither current exhibited significant differences between the control and Ncx1 −/− SAN cells (Figures 6 and 7) . Because constitutive Ncx1 −/− mice show reduced I Ca.L density, 15 Figure 3 . Heart rate increases by isoproterenol were blunted in Ncx1 fx/fx mice painted with Cre recombinase-expressing adenovirus. A, Representative images showed that Cre recombinase (fused with green fluorescent protein [GFP]) was expressed in sinoatrial node (SAN) tissue by gene painting techniques. B, Summary data showed that the heart rate increases by isoproterenol were blunted in Langendorff-perfused hearts painted with adenovirus expressing Cre recombinase (n=6 mice) compared with enhanced GFP controls (n=6 mice). ISO indicates isoproterenol; **P<0.01 vs GFP virus.
we measured I Ca.L in ventricular myocytes from our conditional Ncx1 −/− mice. We found that peak I Ca.L density was reduced in ventricular myocytes isolated from our mice (Online Figure  X) , similar to previous findings from other Ncx1 −/− models. 15 However, the reason for the difference between SAN and ventricular cells is unclear. These results showed that I Ca.L and I f did not compensate for Ncx1 deletion in SAN cells, findings we interpreted as providing further support for the concept that basal levels of I f are sufficient to maintain basal heart rate in the dysfunction of I NCX .
Expression of Ca 2+ Homeostatic Proteins in SAN Was Not Affected by Ncx1 Deletion
NCX1 is important for Ca 2+ efflux in cardiomyocytes, 18 so we tested whether loss of NCX1 could result in compensatory changes in other myocardial Ca 2+ homeostatic proteins. We measured the expression of the ryanodine receptor 2, sarcoplasmic reticulum Ca 2+ -ATPase 2, and phospholamban in SAN tissue in which HCN4 was highly expressed (Online Figure XI) . However, none of these proteins showed significant differences between control and Ncx1 −/− mice (Online Figure XII) . These results are consistent with previous findings from ventricle-specific Ncx1 knockout mice. 15 
Discussion
In this study, we accomplished effective, albeit incomplete, cardiac-specific Ncx1 knockout in adult mice by using an inducible Cre/loxP system or by SAN gene painting. Unexpectedly, Ncx1 knockout did not significantly affect the basal SAN pacemaking activity. In contrast, the increases in pacemaking activity by isoproterenol or BayK stimulation were significantly blunted in Ncx1 −/− mice. These results suggest that NCX1 may be dispensable for basal pacemaking activity or that only a small fraction of physiological I NCX is required for maintaining resting heart rate, but that normal NCX1 expression is required for SAN-directed increases in heart rate. Our findings are consistent with the idea that cardiac pacing is managed by both I f and Ca 2+ clock pathways, but that these mechanisms are relatively specialized so that I f is more important for maintaining basal heart rates, 1, 5, 6 whereas the Ca 2+ clock is essential for increasing heart rates.
Ncx1 Knockout Models
As a modulator of intracellular Ca 2+ , NCX1 plays important roles in cardiomyocyte physiology and pathophysiology. 19, 20 To explore the functional roles of NCX1 in heart, several Ncx1 knockout models have been established. Global Ncx1 knockout is embryonic lethal, 13,21-23 and the lethality has been attributed to enhanced cardiomyocyte apoptosis and disorganization of the contractile apparatus. 21, 22 Interestingly, Groenke et al 24 recently made atrial-specific constitutive Ncx1 −/− mice and showed that the mice survived to adulthood relying on a junctional rhythm but had no identifiable atrial activity. In addition, the atria from these mice were dramatically enlarged, indicating that chronic Ncx1 deletion leads to defects in atrial and SAN function. In contrast, ventricular-specific constitutive Ncx1 knockout mice are viable and free from apparent structural heart disease, 15 indicating that the survival of ventricular myocytes does not depend on NCX1.
NCX1 is important for EC coupling efficiency and Ca 2+ cycling, so it is surprising that several groups, 13, 15, 24 together with us, have found that Ncx1 −/− cardiomyocytes exhibit normal or near-normal Ca 2+ transients. However, how these cells can maintain Ca 2+ homeostasis in the absence of NCX1 is still an enigma. We initially speculated that other Ca 2+ -handling molecules would compensate for the loss of NCX1 and thus preserve Ca 2+ homeostasis. We measured the expression of several core Ca 2+ homeostatic proteins in Ncx1 −/− mice, including phospholamban, sarcoplasmic reticulum Ca 2+ -ATPase 2a, and ryanodine receptor 2. However, we did not find any difference in the expression of those proteins in Ncx1 −/− compared with control mice. It is possible that the functions of ≥1 of these Ca 2+ homeostatic proteins are actually altered to adapt to the dysfunction of NCX, although their expression remains unchanged. Another possibility is that other undefined molecules compensate for the loss of NCX. Further studies are warranted.
To date, the available Ncx1 knockout models for heart are constitutive, so we developed conditional Ncx1 −/− mice by using the Cre/loxP system or by SAN gene painting, which allowed us to investigate the effect of short-term Ncx1 deletion in adult SAN. Our conditional Ncx1 −/− mice survived and showed normal cardiac structure and function, as assessed by echocardiography. Our studies do not rule out the possibility that emergent or minor defects were present in our mice. The reasons why most constitutive Ncx1 −/− mice exhibited significant morphological abnormalities while our conditional knockout mice survived are unclear but suggest that Ncx1 plays an essential role in embryonic development. In addition, both ventricle-specific and atrial-specific constitutive Ncx1 −/− mice showed ≈50% reduction in I Ca.L densities in ventricular and atrial myocytes compared with control mice, 15, 24 although the expression of L type calcium channel alpha 1C subunit mRNA and protein remained unchanged. 15 We found similar results in Ncx1 −/− ventricular myocytes. However, our data did not show significant differences in SAN cell I Ca.L between control and Ncx1 −/− mice either at baseline or in the presence of isoproterenol; the reason for the difference between SAN and ventricular cells is unclear.
NCX1 in SAN Basal Pacemaking Activity
SAN automaticity is, at least in part, an outcome of cell membrane depolarization triggered by an inward I f , 2,5 conducted primarily by HCN4, and inward I NCX , activated by spontaneous Ca 2+ release from the sarcoplasmic reticulum. However, the precise roles of the 2 mechanisms in the genesis and modulation of SAN pacemaking remain controversial. 9, 10 Interestingly, constitutive global Ncx1 −/− models showed that Ncx1 −/− embryos did not have development of a beating heart and died in utero, whereas atrial-specific Ncx1 −/− mice exhibited huge atria and lacked spontaneous SAN and atrial electric activity. 24 In contrast, our data show that short-term Ncx1 knockout in adults is well-tolerated and does not lead to gross abnormalities of cardiac structure or function. Furthermore, the resting heart rate in our Ncx1 −/− mice was not significantly different from control mice. The discrepancy between constitutive and short-term Ncx1 deletion in adults might result from the different properties of cardiomyocytes in embryos and adults. First, it is well-documented that NCX1 is the primary mechanism for cytoplasmic Ca 2+ removal in early mouse embryos, whereas the contribution of the sarcoplasmic reticulum to cytoplasmic Ca 2+ buffering is minimal. 19, 20, 25 Cardiac NCX1 activity is highest in utero and decreases rapidly after birth, mirroring the neonatal development of the sarcoplasmic reticulum and T-tubules. 13, 25 In contrast to the situation in embryonic cardiomyocytes, the sarcoplasmic reticulum is responsible for the majority (>90%) of intracellular Ca 2+ removal in adult cardiomyocytes. 26 Second, the existence of a pacemaker/conduction system within embryonic hearts is a contentious issue, because conduction system components are not morphologically recognizable until embryonic age of embryonic day 8.5 in mice. 27, 28 Third, NCX1 is likely to be necessary for normal cardiomyocyte development because hearts with constitutive Ncx1 deletion lead to myocyte apoptosis and lack an organized contractile apparatus. 13, 22 It is possible that loss of pacemaking activity in the recently described constitutive Ncx1 −/− mice 18 might be secondary to the structural disease. Thus, interpreting the physiological importance of results obtained from constitutive Ncx1 −/− mice may be complicated because of the structural heart disease in these mice. Some studies have shown that pacemaking activity of SAN cells ceased when I NCX was inhibited pharmacologically (either using I NCX inhibitors or replacing Na + with Li + ). [29] [30] [31] The reasons for the differences between these studies and our findings might be because pharmacological inhibition of I NCX is an acute effect, whereas gene knockout is a relatively slow process during which other genes or factors may compensate for Ncx1 deletion and therefore sustain the basal pacemaking activity. However, we tested for potential compensation in I f and I Ca.L in Ncx1 −/− SAN cells and did not find evidence that either current was different than in control cells, suggesting that differences between our results and those of others were not attributable to changes in these currents. It is known that available I NCX inhibitors are not entirely selective and so produce various off-target effects, which may significantly affect the SAN pacemaking activity. For example, KB-R7943, a widely used I NCX inhibitor, was found to inhibit the hERG channel 32 and L-type Ca 2+ channels 33 with a similar potency as I NCX antagonist actions. At slightly higher concentration, KB-R7943 also inhibits many other ion channels, including V voltage-gated sodium channel alpha subunit 34 and ryanodine receptors. 35 Although several more selective I NCX inhibitors, such as SEA0400, SN-6, and YM-244769, have been developed, these agents also produced various off-target effects. 33, 36 Similarly, Li + affects other ion channels, including K + channels. 37 Thus, we interpret our findings to show that Ncx1 −/− in adults, resulting in near-complete loss of SAN cell I NCX , does not affect I f , I Ca.L , expression of important Ca 2+ homeostatic proteins, AP parameters, echocardiographically determined cardiac structure or function, ECG intervals, or resting/basal heart rate.
However, it should be noted that basal pacemaking activity is a relative concept. For our studies, single cells and isolated hearts were perfused with catecholamine-free physiological solution under basal conditions so that the adrenergic tone would be minimal or absent at rest. Under in vivo conditions, there is always some adrenergic tone, and this fact likely contributes to the higher basal heart rate in vivo compared with rates in isolated Langendorff hearts and single cells.
NCX1 in Fight or Flight Physiological Response
Our present study suggests that the most important role for NCX1 in SAN is to optimize the normal automaticity acceleration by β-AR stimulation, indicating that NCX1 contributes primarily to the fight or flight response. These results supported the idea that the Ca 2+ clock and I NCX are required for the normal SAN rate increase by isoproterenol. 17, [38] [39] [40] Although the effects of Ncx1 −/− on the rate increases by isoproterenol exhibited some variation among the different models (in vivo, ex vivo, and single SAN cells), Ncx1 deletion only partially impaired the rate increases by isoproterenol, suggesting that other factors, including I f , are required to increase SAN automaticity. Although our Ncx1 −/− mice had SAN cells with near-absent I NCX , it is possible that our results might underestimate the contributions of NCX1 to pacing as a result of residual NCX1 expression. In contrast to the modest effects of Ncx1 deletion on resting heart rate, I f inhibition by ivabradine caused a profound reduction in basal heart rate. Our finding that the rate-slowing actions of ivabradine were similar in control and Ncx1 −/− SAN cells further supports the idea that NCX1 is relatively disconnected from regulation of basal heart rate. In contrast, loss of Ncx1 dramatically enhanced the effects of ivabradine on isoproterenol-stimulated SAN automaticity, suggesting that I f and I NCX mutually contribute to fight or flight increases in heart rate. In the artificial circumstance in which SAN rate is increased independently from β-AR stimulation by BayK, we found that Ncx1 expression was absolutely required. Thus, it may be that under conditions in which I f expression is reduced, such as in genetic disease, 41 increases in SAN automaticity may be more reliant on I NCX than is the case for healthy individuals.
Limitations
Accumulating evidence supports a concept that I NCX and I f are pivotal depolarizing currents in SAN fight or flight physiology. However, an experimental obstacle to improved understanding is the lack of specific I NCX and I f antagonists. Ivabradine, a clinically used I f blocker, is incompletely selective. Furthermore, for a clinical drug, ivabradine has low potency for I f inhibition and it has some off-target effects. 42, 43 We tested the selectivity of ivabradine in SAN cells on I Kr , I Na , and I Ca.L, currents implicated in cardiac pacing. 10 We did not observe inhibition of I Na or I Ca.L by a high (30 μmol/L) concentration of ivabradine under our experimental conditions. In contrast, 30 μmol/L ivabradine did significantly inhibit I Kr , but the effects were similar in control and Ncx1 −/− mice. Thus, we cannot exclude the possibility that ivabradine contributed to SAN slowing by off-target cations (ie, I f -independent actions), but these off-target actions on I Kr are unlikely to account for differences in ivabradine sensitivity between control and Ncx1 −/− SAN cell behavior that we observed.
What Is Known?
• The sodium-calcium exchanger 1 (NCX1) is expressed in myocardium, including sinoatrial node (SAN) cells. • NCX1 currents (I NCX ) are implicated in controlling the automaticity of SAN pacemaker cells.
What New Information Does This Article Contribute?
• Our conditional Ncx1 −/− mice and mice with SAN-targeted Ncx1 knockout had normal resting heart rates, despite loss of ≈80% of I NCX . • Loss of physiological Ncx1 expression by global myocardial or SAN gene-targeted inhibition prevented normal fight or flight increases in sinus rate in vivo, ex vivo, and in isolated SAN cells.
Increases in heart rate are a fundamental physiological fight or flight response to enable enhanced cardiac output under stress conditions. I NCX is thought to contribute to physiological pacing, but the role of I NCX is untested in vivo. Here, we used mouse models of conditional global myocardial Ncx1 deletion and SAN-targeted Ncx1 knockout by gene painting to test the role of I NCX as a determinant of heart rate in vivo. Our results show that pacemaker current (I f ) and I NCX are interdependent mechanisms for supporting fight or flight heart rate increases. How ever, physiological I NCX is dispensable or a small fraction of physiological I NCX is sufficient for maintaining resting heart rate. These findings provide new insight into mechanisms of cardiac pacemaking by showing that I f and I NCX are complementary, but not redundant, and establish a concept that basal heart rate is determined primarily by I f , whereas I NCX is required to increase heart rates in response to stress.
Novelty and Significance
